Introduction
============

The insulin-like growth factor (IGF) system plays an essential role in cell growth, proliferation, differentiation, transformation and apoptosis.[@b1-grsb-7-2013-057],[@b2-grsb-7-2013-057] Insulin-like growth factor 2 (IGF2) is an imprinted gene with the parental allele expressed and the maternal allele silenced. IGF2 activity is further controlled through differential expression of receptors and IGF-binding proteins (IGFBPs) that determine protein availability. This complex and multifaceted regulation emphasizes the importance of accurate IGF2 expression and activity.[@b3-grsb-7-2013-057] IGFBPs act as carrier/transport proteins in biologic fluids to control IGF efflux. In addition to their roles in prolonging IGF half-lives, IGFBPs themselves possess biological functions independent of their ability to modulate IGF activities.[@b4-grsb-7-2013-057] For example, IGFBP3 has been shown to act as a ligand for nuclear receptor RXRα, which is involved in apoptosis.[@b5-grsb-7-2013-057]

Butyrate serves as an inhibitor of histone deacetylases (HDACs), which are critical epigenetic regulators.[@b6-grsb-7-2013-057]--[@b8-grsb-7-2013-057] Butyrate can reactivate epigenetically-silenced genes by increasing global histone acetylation;[@b9-grsb-7-2013-057] consequently butyrate induced histone acetylation is an excellent model to study epigenetic effects of histone modifications. Additionally, as a natural microbial fermentation product in the gastrointestinal tract, butyrate is an important nutrient in ruminants. Butyrate is produced during microbial fermentation of dietary fiber in the gastrointestinal tract, and is directly absorbed at the site of production and oxidized for cell energy production and use.[@b10-grsb-7-2013-057] In humans, the colonic microbiota converts dietary fiber to produce prodigious amounts of butyrate that benefits the host through metabolic, trophic, and chemo-preventative effects. The human IGF2 locus includes a genomic interval of approximately 150 kb on human chromosome 11, containing two imprinted genes, IGF2 and H19, shared enhancers, and *cis-*acting regulatory elements such as the imprinting control region (ICR). DNA methylation and histone post-translational modifications, such as acetylation, methylation and phosphorylation, play a key role in IGF2/H19 gene expression regulation.[@b11-grsb-7-2013-057] Differential histone acetylation may be one of the potential mechanisms by which the imprinting of IGF2/H19 is regulated.

We have previously examined potential mechanisms of butyrate-induced gene regulation in bovine epithelial cells (Madin-Darby bovine kidney epithelial cells (MDBK)). As a result, there is a significant amount of information on how butyrate regulates the transcriptome and various biological pathways. In this report, we investigated how butyrate regulated expression of IGFs, IGF receptors, and IGFBP; specifically, we assessed the major histone modification status associated with the expression of IGF2/H19 genes using RNAseq and Chip-seq technologies. To illustrate the fundamental association of the chromatin modification landscape that may play a role in the activation of the IGF2 gene, a high-resolution map of the major chromatin modification at the IGF2/H19 locus was constructed by mining our RNA-seq and ChIP-seq data. ChIP-seq data reveals that IGF2 may be regulated by dispersed epigenomic domains, which show a strong correlation between the structure of the IGF2 gene and the clustered imprinting gene H19.

Material and Methods
====================

Cell culture and butyrate treatments
------------------------------------

The Madin-Darby bovine kidney epithelial cells (MDBK, American Type Culture Collection, Manassas, VA, Catalog No. CCL-22) were cultured in Eagle's minimal essential medium and supplemented with 5% fetal bovine serum (Invitrogen, Carlsbad, CA) in 25 cm2 flasks, as described in our previous report.[@b6-grsb-7-2013-057] At approximately 50% confluence, during the exponential phase, the cells were treated with 10 mM of sodium butyrate for 24 hours (Calbiochem, San Diego, CA). A butyrate concentration of 10 mM was selected as it represents a physiologically relevant dose and has previously been successfully used to evoke desired changes in cell cycle dynamics.[@b6-grsb-7-2013-057] Four replicate flasks of cells for both treatment and control groups---a total of 8 samples---were used for the RNA-seq experiments.

ChIP
----

A ChIP-IT™ Express Enzymatic Kit (Active Motif North America, Carlsbad, CA) was used for this ChIP experiment. Antibodies against H3 and acetyl-H3K18, ChIP Formulated, were obtained from Cell Signaling Technology; acetyl-H3K9, acetyl-H3K27 and H4 (ChIP Grade) antibodies were obtained from Abcam. H4 tetra-acetyl, acetyl-H4K12, acetyl-H4K5, acetyl K16, and H3K9 trimethylation were obtained from Active Motif. All antibodies were characterized and validated for cross-reactivity before the ChIP experiments with Western blots and immunoprecipitation (IP). The preparation of sheared chromatin (cell fixation, enzymatic shearing) was performed per the instructions of the product manufacturer. Briefly, cells were fixed with 1% formaldehyde in flasks at room temperature for 10 minutes and subsequently washed with ice-cold PBS before a 0.1 M glycine solution was added to stop the fixation. The cells were scraped from the flask and homogenized with an ice-cold Dounce homogenizer to release the nuclei. The collected nuclei were again suspended in a digestion buffer and an enzymatic shearing cocktail was added and incubated for 20 minutes at 37 °C. The shearing reaction was stopped by adding 10 μL ice-cold 0.5 M EDTA prior to centrifugation at 15,000 rpm in a 4 °C microcentrifuge. The supernatant containing the sheared chromatin was carefully collected and prepared for ChIP sequencing. Next, 10 μg of primary antibody were added to 100 μL of chromatin and incubated on an end-to-end rotator overnight at 4 °C. Subsequently, 50 μL of protein G magnetic beads were added, and incubation continued for another 4 hours. The magnetic beads were washed with ChIP buffer 1 once and ChIP buffer 2 twice, before the bound chromatin was eluted and cross-links were reversed and treated with protease K. Traditionally, chromatin shearing has been performed by different pulses of sonication. Although sonication can be an effective method for shearing chromatin, it is very difficult to optimize due to emulsification and overheat, as well as the quality of sonicator. We used enzymatic shearing because it is solely dependent on time and temperature. The results of ChIP are very satisfying in our experiments.[@b12-grsb-7-2013-057]

Illumina sequencing
-------------------

DNA recovered from a conventional ChIP procedure was quantified using a QuantiFluor fluorometer (Promega, Madison, WI). The DNA integrity was verified using an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). The DNA was then processed---including end repair, adaptor ligation, and size selection---using an Illumina sample prep kit following the manufacturer's instructions (Illumina, San Diego, CA, USA). Final DNA libraries were validated and sequenced at 75 bp per sequence read, using an Illumina HiSeq-2000 sequencer at a depth of approximately 30 million sequences per sample (mean ± SD = 28 ± 4 million per sample) with single end. For RNA-seq, total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) followed by DNase digestion and Qiagen RNeasy column purification (Qiagen, Valencia, CA, USA) as previously described.[@b7-grsb-7-2013-057] ([@b13-grsb-7-2013-057]).[@b13-grsb-7-2013-057] The RNA integrity was verified using an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). High-quality RNA (RNA Integrity number or RIN \> 9.0) was processed using an Illumina TruSeq RNA sample prep kit following the manufacturer's instruction (Illumina, San Diego, CA, USA). After quality control procedures, individual RNA-seq libraries were pooled based on their respective 6-bp adaptors and sequenced at 50 bp/sequence read using an Illumina HiSeq 2000 sequencer as described previously.[@b14-grsb-7-2013-057] Approximately 67.5 million reads/sample (mean ± sd = 67,527,111 ± 8,330,388.6) were generated. Four replicate flasks of cells for both treatment and control groups---a total of 8 samples---were used for the RNA-seq experiments.

ChIP-seq analysis
-----------------

Sequencing tags were aligned to the bosTau4 Oct 2007 release of the reference genome using Bowtie, an ultrafast memory-efficient short read aligner.[@b15-grsb-7-2013-057] We considered those tags that aligned uniquely with less than 2 mismatches. For enriched-region (peak) identification (peak calling), we used the MACS (Model-based Analysis of ChIP-seq) algorithm.[@b16-grsb-7-2013-057],[@b17-grsb-7-2013-057] A simple yet effective technique for the analysis of eukaryotes, MACS was designed to identify transcription factor binding sites and histone modification-enriched regions in ChIP-seq data sets, with or without control samples. The application of ChIP-seq facilitated the identification of binding sites associated with transcription factors and regions of histone modification. A PeakAnalyzer[@b18-grsb-7-2013-057] was used for Peak annotation, Nearest Downstream Gene analysis, and Transcription start site (TSS) analysis. The overall processing procedure is summarized in our previous publications. A local implementation of the UCSC Genome Browser[@b19-grsb-7-2013-057] was used to visualize the details of gene structure and chromatin modification landscape. The UCSC genome Browser also provides displays with other aligned annotation tracks such as known genes, predicted genes, ESTs, and CpG islands.

RNA extraction and sequencing using RNA-seq
-------------------------------------------

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) followed by DNase digestion and Qiagen RNeasy column purification (Qiagen, Valencia, CA, USA), as previously described.[@b7-grsb-7-2013-057] The RNA integrity was verified using an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). High-quality RNA (RNA Integrity number or RIN \> 9.0) was processed using an Illumina TruSeq RNA sample prep kit following the manufacturer's instruction (Illumina, San Diego, CA, USA). After quality control procedures, individual RNA-seq libraries were then pooled based on their respective 6-bp adaptors, sequenced at 50 bp/sequence, and read using an Illumina HiSeq 2000 sequencer, as described previously.[@b20-grsb-7-2013-057] Approximately 67.5 million reads per sample (mean ± sd = 67,527, 111 ± 8,330,388.6) were generated.

The molecular processes, molecular functions and genetic networks following butyrate treatment were further evaluated by analyzing differentially expressed genes using Ingenuity Pathways Analysis (IPA, Ingenuity^®^ Systems, and <http://www.ingenuity.com>). IPA is a software application that enables biologists to identify the biological mechanisms, pathways and functions most relevant to their experimental datasets or genes of interest.[@b21-grsb-7-2013-057]--[@b25-grsb-7-2013-057] The data sets supporting the results of this article have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE38973.

Results
=======

Butyrate-induced differential expression of IGFs, IGFRs and IGFBPs
------------------------------------------------------------------

Gene expression of IGFs, IGF receptors (IGFRs), and IGFBPs induced by butyrate was evaluated by RNA-seq and verified by real-time PCR ([Table 1](#t1-grsb-7-2013-057){ref-type="table"}). IGF1 was barely detectable in the bovine epithelial cells, while butyrate significantly up-regulated IGF2 gene expression (479 fold, FDR \< 0.01). Conversely, the IGF2 receptor (IGF2R) was also significantly induced by butyrate. Butyrate induced a strong expression of insulin-like growth factor 2 mRNA binding proteins (IGF2BPs), especially IGF2BP1 and IGF2BP3. These proteins function by binding to the 5′ UTR of the insulin-like growth factor 2 (IGF2) mRNA and regulating IGF2 translation. Of IGFBPs, only IGFBP3 was strongly up-regulated by butyrate, while other IGFBPs, such as IGFBP4, IGFBP6 and IGFBP7, were significantly down-regulated by butyrate. The expression level of IGFBP2 and IGFBP5 remained unchanged by butyrate. These results were consistent with the earlier report on the effects of butyrate on the expression of IGFs and IGFBPs.[@b26-grsb-7-2013-057]

### Function and canonical pathways analysis

IPA pathway analysis revealed the biological function and canonical pathways that were related to IGFs and IGFBPs gene expression induced by butyrate. As shown in [Figure 1](#f1-grsb-7-2013-057){ref-type="fig"}, the significant functions related to IGFs and IGFBPs included cell cycle, cellular growth and proliferation, and DNA replication, recombination and repair, which were closely correlated to the butyrate-induced biological effects, such as cell cycle arrest and apoptosis.[@b6-grsb-7-2013-057] There are eight pathways significantly affected by butyrate ([Fig. 2](#f2-grsb-7-2013-057){ref-type="fig"}). The IPA analysis also identified a major regulatory network and two minor networks ([Fig. 3](#f3-grsb-7-2013-057){ref-type="fig"}). The major network was directly related to cellular growth and proliferation, cellular development, and skeletal and muscular system development and function; the two minor networks were involved in cellular movement, immune cell trafficking, gene expression, and lipid metabolism.

### Butyrate induces expression of IGF2 mRNA isoforms

Mixture-of-Isoforms algorithm (MISO), a probabilistic framework[@b27-grsb-7-2013-057] that enables quantification of the expression level of alternatively spliced genes and identification of differentially regulated isoforms from RNA-Seq data, was used to analyze the alternative splicing events induced by butyrate. A significant number of alternative splicing events was discovered in the RNA-seq dataset. Ten selected alternative splicing events, including 2 exon-skipping event, 2 gene fusion events, and 6 transcript isoforms, were tested using real-time RT-PCR and confirmed the RNA-seq findings.[@b28-grsb-7-2013-057] Very interestingly, data analyses also detect differentially expressed IGF2 isoforms induced by butyrate in bovine epithelial cells. Two major isoforms of IGF2 mRNA were detected using this method ([Table 2](#t2-grsb-7-2013-057){ref-type="table"}). Exon skipping is one of the major forms of alternative splicing, which generates multiple isoforms with different combination of exon sequences.[@b29-grsb-7-2013-057] The possible exon skipping events of IGF2 gene were detected in butyrate-treated cells ([Fig. 4](#f4-grsb-7-2013-057){ref-type="fig"}). The number of junction reads---sequence reads spanning exon-exon junctions---supporting this event was significantly higher (456 fold) in butyrate treated cells than in the control. Filtering parameters, such as the sum of inclusion and exclusion reads greater than 10 (≥1 inclusion read and ≥1 exclusion read), ΔΨ greater than 0.20, and the Bayes factor ≥ 10, were used to detect differentially expressed isoforms. [Figure 4](#f4-grsb-7-2013-057){ref-type="fig"} illustrates the isoforms of IGF2 mRNA due to the changes of splicing. This result demonstrates that epigenetic features such as histone modifications and DNA methylation are associated at different levels of transcription regulation such as alternative splicing.

### Epigenomic landscapes of butyrate-induced histone modifications across IGF2 gene and associated loci

To demonstrate the fundamental association of the chromatin modification landscape that may play a role in the activation of the IGF2 gene, we mapped epigenomic landscapes of normal histone H3 and H4; we also mapped their major butyrate-induced posttranslational modifications, including histone H3 acetylation at the positions lysine 9 (H3K9ac), lysine 18 (H3K18ac), lysine 27 (H3K27ac), H4 acetylation at positions lysine 5 (H4K5ac), lysine 12 (H4K12ac), lysine 16 (H4K16ac), and H4 tetra-acetylation (H4ac4) using Chip-seq. Distribution of histone-associated sequence tags across the IGF2 gene and associated loci, as well as their chromosomes of origin, are mapped and visualized with a Circos visualization tool.[@b30-grsb-7-2013-057][Figure 5](#f5-grsb-7-2013-057){ref-type="fig"} shows the integrated global visual representation of expression of IGF2 and its associated genes, the epigenomic landscape of histones H3 and H4, and their major post-translational modifications induced by butyrate. [Figure 5](#f5-grsb-7-2013-057){ref-type="fig"} illustrates the major epigenomic landscape alterations induced by butyrate with histone-associated sequence tags within the coding sequence of the each gene (colored according to the figure legend). The plot also exemplifies the deregulated IGF2 and its associated genes and their locations in relation to their genomic position.

### Epigenomic domains correlated to IGF2/H19 gene structures

To reveal the possible correlation between butyrate-induced histone acetylation and IGF2 activation, the local scale of epigenomic landscape at IGF2/H19 locus was specifically explored by mining our ChIP-seq data. IGF2 and H19, two clustered imprinting but antagonistically co-regulated genes, are reciprocally regulated imprinted genes co-located in the same locus. Our data show that while IGF2 was induced by butyrate-treatment significantly, and as expected, H19 remains unexpressed. We constructed a high-resolution map of the major chromatin modification at the IGF2/H19 locus induced by butyrate, and exemplified the fundamental association of chromatin modification landscape and integrated IGF2/H19 expression as presented in [Figure 6](#f6-grsb-7-2013-057){ref-type="fig"} (using the Circos visualization tool). The plot further illustrates the diversity of expression of IGF2 and H19 genes, as well as butyrate induced histone H3 acetylation at the positions, lysine 9 (H3K9ac), lysine 18 (H3K18ac), lysine 27 (H3K27ac), butyrate- induced H4 acetylation at positions lysine 5 (H4K5ac), lysine 12 (H4K12ac), lysine 16 (H4K16ac), and H4 tetra-acetylation (H4ac4) using ChIP-seq. We also mapped histone H3 tri-methylation at position lysine 9 (H3K9me3), which is considered the binding target of Heterochromatin Protein 1a (HP1a) and is generally perceived as an epigenetic silencing mark.[@b31-grsb-7-2013-057],[@b32-grsb-7-2013-057] The distribution diversity of post-translational modified histone at H19 and IGF2 genes was very revealing, with distinct chromatin modification landscape signatures/marks within their gene bodies. While distribution of histone at IGF2 gene was presented with distinctive dispersed domains, distribution of histone present with very high density and lacking the clear boundaries at H19 gene ([Fig. 6](#f6-grsb-7-2013-057){ref-type="fig"}). The correlation of the histone distribution pattern and gene expression pattern of the IGF2/H19 gene strongly suggest that chromatin modification landscape may play a role in the regulation of expression of IGF2/H19 genes.

To look into the details of gene structure and chromatin modification landscape, we applied all 10 ChIP-seq mapping datasets as histone modification marks in the IGF2/H19 locus and the ChIP-seq chromatin data were visualized in details using a local implementation of the UCSC Genome Browser ([Figs. 7](#f7-grsb-7-2013-057){ref-type="fig"} and [8](#f8-grsb-7-2013-057){ref-type="fig"}).[@b19-grsb-7-2013-057] While dynamic changes in genome-wide histone distribution pattern were evident due to the acetylation response to a 10 mM butyrate-treatment, there was a strong association between histone modification and the specific types of genomic sequences such as the transcription start site (TSS) and transcription termination site (TTS) of IGF2 ([Fig. 7](#f7-grsb-7-2013-057){ref-type="fig"}). ChIP-seq mapping and analysis demonstrated that butyrate induced acetylation developed as dispersed epigenomic domains at TSS and immediate up-stream of the region, the coding region, and TTS of IGF2 gene. These domains displayed strikingly distinct distribution patterns of chromatin modification. In domain 1, which covers the TSS region of the ING2 gene, there are several tightly concentrated binding peaks of histone modifications, whereas in domains 2 and 4 all histone modifications were presented as diffused patterns. Interestingly, these diffused regions co-located with differentially methylated regions (DMRs). On the other hand, while the peak distribution of the ChIP-seq reads (presented as grayscale) of normal histone 3 and histone 4 (H3 and H4) exhibited mostly as a typical priority background distribution pattern, there were few high density binding sites of H3 and H4 at upstream of IGF2 gene. Specifically, there were some very interesting features among the different H3 or H4 modifications (acetylation or methylation at the different lysine residues of histone H3 and H4 tails). Among these changes, acetylation at H3K9, H4K5, H4K12 and H4K16 showed dramatically high intensity of binding at TSS and the promoter region of IGF2 ([Fig. 7](#f7-grsb-7-2013-057){ref-type="fig"}). However acetylation at H3K27, H3K18, and especially trimethylation at H3K9 (H3K9me3), occurred at a much lower intensity or a narrower range of nucleotides near TSS of IGF2. While the histone modifications detected at the TSS of IGF2 were intense and varied among the acetylation or methylation of histone H3 or H4, in the regions containing CpG islands (CpG:81, CpG:269 and CpG:33) the coding and/or intergenic regions of IGF2 gene did not display any detectable peaks of histone modifications.

The detailed chromatin landscape of another imprinting gene H19, which is antagonistically co-regulated and co-located in the same cluster with IGF2, also displayed a distinctive pattern ([Fig. 8](#f8-grsb-7-2013-057){ref-type="fig"}). In the H19 gene, CpG islands (CpG: 169) overlap the TSS of the gene. In contrast to the chromatin landscape of IGF2 genes, the histone modifications were diffuse and no significant histone acetylation peaks were evident in the H19 gene, even at the regions near TSS and TTS. However, at the up-stream intergenic region of H19 gene, which contains a putative imprinting control region (ICR),[@b33-grsb-7-2013-057] moderate to high levels of modified histone acetylation were detected in a region of about 3--4 kb, including epigenetic silencing marks of H3K9me3 ([Fig. 3B](#f3-grsb-7-2013-057){ref-type="fig"}). The epigenetic landscape of H3K9ac, which is associated with transcriptional activity,[@b34-grsb-7-2013-057],[@b35-grsb-7-2013-057] was also distinguishable at the H19 and IGF2 genes. No enrichment can be seen at TSS, TTS or the intergenic region of the H19 gene for this histone modification. Two regions of high density enrichment of modified histone H3 and histone H4 were located at about 2--3 kb upstream or downstream of H19 gene, respectively. Interestingly, an ICR for IGF2/H19 cluster is located 2 kb upstream of the TSS of the H19 gene. This ICR has been suggested to act as an enhancer-blocking element controlling the imprinted expression of the IGF2 gene.[@b32-grsb-7-2013-057] Additionally, a modified H3 binding domain with a relatively high density was evident at the downstream region of H19 gene.[@b36-grsb-7-2013-057]

Discussion
==========

The protein product of IGF2 gene is insulin-like growth factor 2. This protein has an essential function in growth and development before birth. IGF2 promotes the growth and proliferation of cells in many different tissues. Although the IGF2 gene is highly active during fetal development, it is much less active in the adult body due to the phenomenon called genomic imprinting. IGF2 is a part of gene cluster with H19 gene which is also involved in growth and development. Abnormal expression of IGF2 has been linked with several human diseases such as Beckwith-Wiedemann syndrome and several types of cancer. In this study, we report the first comprehensive approach for the epigenetic changes correlated with butyrate-induced activation of IGF2 gene in bovine cells. We profiled histone H3 acetylation at the positions lysine 9 (H3K9ac), lysine 18 (H3K18ac), lysine 27 (H3K27ac); H4 acetylation at positions lysine 5 (H4K5ac), lysine 12 (H4K12ac), lysine 16 (H4K16ac); and H4 tetra-acetylation (H4ac4) using ChIP-seq. We also mapped histone H3 tri-methylation at the position lysine 9 (H3K9me3), which is considered the binding target of Heterochromatin Protein 1a (HP1a) and is generally perceived as an epigenetic silencing mark.[@b31-grsb-7-2013-057],[@b32-grsb-7-2013-057]

Using microarray[@b3-grsb-7-2013-057] and RT-PCR,[@b33-grsb-7-2013-057] as well as RNA-seq techniques in this report, we have confirmed indisputably that butyrate-induced histone acetylation can activate IGF2 expression. A similar finding was reported in the human fibroblast cell line (HSK09) and proved the activation of IGF2 is due to the loss of imprinting (LOI).[@b5-grsb-7-2013-057] Our results also indicated that IGF1 was below detection and IGF1R was down regulated by the butyrate treatment. Both IGF2BP3 and IGFBP3 were also significantly up-regulated by butyrate treatment. Expression of IGF2 and IGF2R was significantly induced by butyrate, suggesting that IGF2, not IGF1, may play an essential role in butyrate-induced cell cycle progression and programmed cell death by apoptosis; over-expression of IGF2R induced by butyrate may be involved in pro-apoptotic processes in MDBK cells. While the functions of IGFBPs seemed diverse, IGFBP3 and IGF2BP3 were shown to be the primary regulators of butyrate-induced cell growth arrest and apoptosis.

We constructed a high-resolution map of the major chromatin modification at the IGF2/H19 locus induced by butyrate and to illustrate the fundamental association of chromatin modification landscape that may play a role in the activation of IGF2 gene. Due to the specific characteristics of IGF2 as an imprinting gene, we concentrated our investigation on the specific epigenetic landscape of the IGF2/H19 cluster induced by butyrate. ChIP-seq data reveals that IGF2 may be regulated by dispersed epigenomic domains, which show strong correlation to the structure of IGF2 gene, as well as the clustered imprinting gene H19. Our results provide insights into the mechanism of butyrate induced loss of imprinting (LOI) of IGF2. Out data also extended the observation as it was reported in mouse experiments that there are allele specific epigenetic states such as DNA methylation and histone modification that may act in concert in setting up and maintaining reciprocal parental allelic histone acetylation at DMRs.[@b37-grsb-7-2013-057]

In eukaryotes, the 'core promoter' is often located in the immediate vicinity of the TSS, which is assumed to dock the pre-initiation complex for RNA transcription. The main functional classes of metazoan promoters are configured with promoter signals, TSS position, nucleosome positions, and their epigenetic marks.[@b38-grsb-7-2013-057] The general assessment of the epigenomic landscape at the IGF2/H19 cluster in this study shows the overall patterns of histone acetylation at these two genes. Our data revealed that IGF2 and H19, two clustered imprinting but antagonistically co-regulated genes, have distinct chromatin modification landscape signatures/marks within their gene bodies and functional structures such as TSSs and TTSs. While a high degree of histone acetylation was detected at the TSS and TTS of IGF2, the mid-body of the IGF2 gene had a reduced background of histone modifications with few significant peaks. A similarly reduced background pattern of histone modification covered the whole H19 gene body, as well as a 2--4 kb extension upstream and downstream of the H19 gene. There is some high to moderate intensity of modified histone binding domains at the intergenic region of the up-stream H19 gene, which has been characterized as a putative imprinting control region (ICR). Those histone modifications include epigenetic silencing marks of H3K9me3. These patterns suggest that many different histone modifications at different lysines must act in close correlation in regulating and maintaining reciprocal activation of imprinted genes in a cluster such as IGF2 and H19. The correlation between the DMRs of IGF2/H19 and chromatin modifications such as histone acetylation indicates that DNA methylation, histone methylation, and histone acetylation as epigenetic marks associated with imprinted genes at IGF2/H19 are differentially distributed on the expressed and silenced alleles. Evidence also indicates the correlation of butyrate induced regional changes of acetylation within the upstream and downstream regulation domain of H19 with the reduced expression of H19 and activation of expression of IGF2.

The mechanism of genomic imprinting is very complicated because some imprinted genes, such as IGF2 and H19, may be controlled by other genes which are also imprinted. Both IGF2 and H19 genes are co- located at one cluster about 88 kb apart on bovine chromosome 29, and are expressed from the maternal and paternal alleles, respectively.[@b39-grsb-7-2013-057] The cluster of two gene clusters is very conservative and two genes are reciprocally imprinted and regulated. Although it has been known for a long time that IGF2 and H19 are imprinted in bovine, underlying mechanisms of imprinting regulation have not been fully understood.[@b40-grsb-7-2013-057],[@b41-grsb-7-2013-057] Clustered imprinted genes are regulated by differentially methylated (DMRs) imprinting control regions (ICRs) that affect gene activity, and repression in *cis* over a large region. Although a primary imprint signal for each of these clusters is DNA methylation, different mechanisms are used to establish and maintain these marks.[@b33-grsb-7-2013-057] The majority of ICRs are methylated in the maternal germline; the methylated ICRs are usually functioning as promoters for antisense transcripts whose elongation is associated with imprinting control in the domain. By contrast, ICRs methylated in the paternal germline do not appear to act as promoters and are located between genes. At least one ICR at the Igf2/H19 locus is known to function as an insulator. Analysis of ICRs suggests that maternal and paternal methylation imprints function in distinct ways.[@b33-grsb-7-2013-057]

Histone modification has been implied to play a very important role in maintaining gene imprinting. It was determined that when human fibroblast cells were treated with HDACs such as butyrate or trichostatin, the IGF2 gene expressed biallelically (loss of imprinting, LOI), indicating that in addition to DNA methylation, differential histone acetylation of two parental alleles may be another potential mechanism by which the imprinting of *IGF*2 is regulated; this is done probably through changes in the local chromatin structure of the imprinted locus.[@b41-grsb-7-2013-057] Our results showed that butyrate significantly up-regulated the mRNA expression of IGF2 gene in the bovine epithelial cell (FDR \< 0.0001). Our results also suggest that butyrate differentially regulates the expression of the IGF2 gene at the gene and isoform levels. Alternative splicing contributes to protein diversities and results in mRNA forming coding for proteins with different chemical and biological activity. No known isoforms in IGF2 genes have been annotated in cattle so far. The regulation of exon skipping by butyrate remains unknown. It is possible that histone modification induced by butyrate may leave certain marks on newly synthesized mRNAs that were attributed to the disruption of exonic splicing enhancers.[@b42-grsb-7-2013-057],[@b43-grsb-7-2013-057] Our data, however, are consistent with the recent report[@b44-grsb-7-2013-057] that epigenetic features such as histone modifications and DNA methylation are significantly associated with alternative splicing. Our results provided a snapshot into complex transcriptome dynamics regulated by butyrate, which will facilitate our understanding of biological effect of butyrate and other HDAC inhibitors.

Conclusion
==========

Chromatin modification has clearly emerged as a very important mechanism in regulating the transcriptional status of the genome. Our previous studies revealed that VFAs, especially butyrate, participate in metabolism both as nutrients and as regulators of histone modification, thereby regulating the 'epigenomic code'.[@b7-grsb-7-2013-057],[@b12-grsb-7-2013-057],[@b28-grsb-7-2013-057],[@b45-grsb-7-2013-057] In this study, we confirmed that butyrate can activate the IGF2 gene through its HDAC inhibitory activity. ChIP-seq high-definition mapping of the epigenomic landscape modification induced by butyrate reveals that IGF2 may be regulated by dispersed epigenomic domains, which show strong correlation to the structure of IGF2 gene, as well as the clustered imprinting gene H19. Our results provide insights into the mechanism of butyrate induced loss of imprinting (LOI) of IGF2 and broadened our knowledge of regulation of gene expression by histone modification.
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**Notes:** Datasets were analyzed by the Ingenuity Pathways Analysis software (Ingenuity^®^ Systems, <http://www.ingenuity.com>). The significance value associated with a function in Global Analysis is a measure for how likely it is that genes from the dataset file under investigation participate in that function. The significance is expressed as a *P*-value, which is calculated using the right-tailed Fisher's Exact Test.](grsb-7-2013-057f1){#f1-grsb-7-2013-057}

![Global canonical pathway analysis.\
**Notes:** Datasets were analyzed by the Ingenuity Pathways Analysis software (Ingenuity^®^ Systems, <http://www.ingenuity.com>). The significance is expressed as a *P*-value, which is calculated using the right-tailed Fisher's Exact Test.](grsb-7-2013-057f2){#f2-grsb-7-2013-057}

![The biologically relevant network: IGF2 and associated genes.\
**Notes:** The dataset was analyzed by the Ingenuity Pathways Analysis software (Ingenuity^®^ Systems, <http://www.ingenuity.com>). The color indicates the expression level of the genes (red indicating up- regulated genes and green indicating down-regulated genes). Two round-cornered squares highlight the IGF2 and H19 genes.](grsb-7-2013-057f3){#f3-grsb-7-2013-057}

![Relative abundance of transcript isoforms of IGF2 gene induced by butyrate in bovine epithelial cells.\
**Notes:** Reads per kilobase of exon model per million mapped reads (RPKM) were displayed in the Y-axis for each sample tested. Mixture-of-Isoforms algorithm (MISO), a probabilistic framework that enables quantification of the expression level of alternatively spliced genes and the identification of differentially regulated isoforms from RNA-Seq data, was used. Arcs with numbers represent junction reads. Bold arcs show the junction supported by \>10 junction reads. Diagrams below show the gene structures of two transcript isoforms. Lower panel: the posterior distribution with Ψ value. BT1 to BT4: Four butyrate-treated replicates; C1 to C4: Four Control replicates. Differentially expressed isoforms were detected using the following filtering parameters: the sum of inclusion and exclusion reads is greater than 10 (≥1 inclusion read and ≥1 exclusion read), ΔΨ greater than 0.20, and the Bayes factor ≥ 10.](grsb-7-2013-057f4){#f4-grsb-7-2013-057}

![Distribution of histone-associated sequence tags across IGF2 gene associated loci and their chromosomes of origin.\
**Notes:** The outermost track depicts the IGF2 associated genes linked to their chromosome coordinates (grey bars with chromosome number labels). IGF2 associated genes are colored according to their fold change of expression relative to the addition of butyrate with dark green indicating a higher fold change and dark red indicating a fold reduction of expression. Small boxes on the exterior of the genes indicate the presence of histone-associated sequence tags within the coding sequence of the gene (colored according to the figure legend, center). The histogram within the center of the chromosome track represents the presence of H3 and H4 associated sequence tags (green and red; respectively). Histograms on the interior of the chromosome track represent the following (outermost to innermost): (1) H4K5, H4K12, H4K16 and H4 tetra-acetylated associated sequence tags (purple, light red, orange and yellow; respectively); (2) H3K9, H3K18 and H3K27 associated sequence tags (light blue, blue and light green; respectively); (3) H3 tri-methylated associated sequence tags (black).](grsb-7-2013-057f5){#f5-grsb-7-2013-057}

![Distribution of histone-associated sequence tags across the IGF2/H19 gene locus.\
**Notes:** The outermost track depicts the IGF2 associated genes linked to their chromosome coordinates (gray bars with chromosome number labels). IGF2 associated genes are colored according to their fold change of expression relative to the addition of butyrate with dark green indicating a higher fold change and dark red indicating a fold reduction of expression. Small boxes on the exterior of the genes indicate the presence of histone-associated sequence tags within the coding sequence of the gene (colored according to the figure legend). The histogram within the center of the chromosome track represents the presence of H3 and H4 associated sequence tags (green and red, respectively). Histograms on the interior of the chromosome track represent the following (outermost to innermost): (1) H4K5, H4K12, H4K16 and H4 tetra-acetylated associated sequence tags (purple, light red, orange and yellow, respectively); (2) H3K9, H3K18 and H3K27 associated sequence tags (light blue, blue and light green, respectively); (3) H3 tri-methylated associated sequence tags (black).](grsb-7-2013-057f6){#f6-grsb-7-2013-057}

![UCSC browser view of epigenomic data of IGF2 gene locus: Butyrate-induced epigenetic landscapes modifications are distributed as dispersed epigenomic domains.\
**Notes:** Distribution of histone H3 acetylation at the positions of lysine 9 (H3K9ac), lysine 18 (H3K18ac), lysine 27 (H3K27ac); butyrate-induced H4 acetylation at positions lysine 5 (H4K5ac), lysine 12 (H4K12ac), lysine 16 (H4K16ac), H4 tetra-acetylation (H4ac4); as well as histone H3 tri-methylation at the position lysine 9 (H3K9me3) enriched region in the proximal promoter at the 5′ untranscribed region (UTR) from the transcription start site (TSS), exon, intron, and intergenic region. The grayscale represents the enriched region for all ten ChIP-Seq data sets and at least 6 domains with either high density binding sites or diffused distribution domains are presented at IGF2 gene. Red marks the high density chromatin distribution regions and green marks the differentially methylated regions (DMRs) with defused background and lacking significant peaks of chromatin distribution.](grsb-7-2013-057f7){#f7-grsb-7-2013-057}

![UCSC browser view of epigenomic data of H19 gene locus.\
**Notes:** Distribution of histone H3 acetylation at the positions of lysine 9 (H3K9ac), lysine 18 (H3K18ac), lysine 27 (H3K27ac); butyrate-induced H4 acetylation at positions lysine 4 (H4K5ac), lysine 12 (H4K12ac), lysine 16 (H4K16ac), H4 tetra-acetylation (H4ac4); and histone H3 tri-methylation at the position lysine 9 (H3K9me3) enriched region in the proximal promoter at the 5 untranscribed region (UTR) from the transcription start site (TSS), exon, intron, and intergenic region. Red marks the high density chromatin distribution regions and the green regions mark the differentially methylated regions (DMRs) regions and defused background and lacking significant peaks of chromatin distribution regions.](grsb-7-2013-057f8){#f8-grsb-7-2013-057}

###### 

Gene expression induced by butyrate showing deregulation among IGFs and IGFBPs.

  --------------------------------------------------------------------------------------------------------------------------------------------
  Gene      RNA-seq   Real-time\                                               Significant[\*\*](#tfn3-grsb-7-2013-057){ref-type="table-fn"}
                      RT-PCR[\*](#tfn2-grsb-7-2013-057){ref-type="table-fn"}   
  --------- --------- -------------------------------------------------------- ---------------------------------------------------------------
  IGF2      479.356   143.4                                                    Yes

  IGF1R     −1.873    −1.25                                                    Yes

  IGF2BP2   1.174     N/A                                                      Yes

  IGF2BP3   85.933    N/A                                                      Yes

  IGF2R     2.605     4.7                                                      Yes

  IGFALS    1.578     N/A                                                      Yes

  IGFBP2    −1.033    −1.67                                                    No

  IGFBP3    21.937    21.2                                                     Yes

  IGFBP4    −2.800    −3.33                                                    Yes

  IGFBP5    −1.040    2.3                                                      No

  IGFBP6    −8.272    −1.42                                                    Yes

  IGFBP7    −3.108    N/A                                                      Yes

  IGF1      BD        BD                                                       No

  IGFLR1    1.397     N/A                                                      Yes
  --------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Data were extracted from ([@b26-grsb-7-2013-057]);

FDR \< 0.01 and *P* \< 0.01.

###### 

Butyrate-induced IGF2 mRNA isoforms by alternative splicing.

  Transcript ID        Gene   Isoform   Exon[\*](#tfn5-grsb-7-2013-057){ref-type="table-fn"}   Control[\*\*](#tfn6-grsb-7-2013-057){ref-type="table-fn"}   Butyrate[\*\*](#tfn6-grsb-7-2013-057){ref-type="table-fn"}   *P* value
  -------------------- ------ --------- ------------------------------------------------------ ----------------------------------------------------------- ------------------------------------------------------------ -----------
  ENSBTAT00000044139   IGF2   1         Exon 1--4                                              4.95                                                        2167.27                                                      0
  ENSBTAT00000017372   IGF2   2         Exon 1--5                                              38.3                                                        19277.44                                                     0

**Notes:**

Exons involved;

the number denotes normalized counts of junction reads that support the events.
